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INSTRUMENTATION TO ENHANCE OPTICAL SCATTEROMETRY FOR
SEMICONDUCTOR METROLOGY

FINAL REPORT

SCATTEROMETRY OVERVIEW

Optical scatterometry research at the University of New Mexico (UNM) has
involved measurement and analysis of laser diffraction from samples to determine the
dimensional and optical characteristics of the sample. This work has resulted to provide
the semiconductor industry a simple, repeatable metrology technique applicable to
characterizing sub-0.1 pum geometries. Work on scatterometry was initiated in 1990
under support from SEMITECH / SRC, continued until 1996, and has since been
supported by Bio-Rad Laboratories. The scatterometer technique has distinct advantages
compared to other metrology techniques, including being applicable to small (sub-0.1
um) dimensions, simple, repeatable, nondestructive, rapid, and based upon fundamental
principles (e.g., Maxwell's equations). The semiconductor industry, as expressed in the
National Technology Roadmap for Semiconductors, recognizes the need for improved,

novel metrology techniques to carry the industry into the next century and the capability
of scatterometry to fulfill this need.

ENABLING BENEFITS OF THE EQUIPMENT GRANT

At the beginning of the period of performance of this Equipment Grant, the
scatterometer effort at UNM was well established theoretically. However, the effort
utilized equipment that was out-dated and not amenable to investigating state-of-the-art
samples for the semiconductor industry. The Equipment Grant permitted a number of
significant improvements, primarily computational capabilities, wafer manipulation
capability, and incorporation of multiple laser wavelengths. The primary results of
incorporating these improvements included the design and execution of two major
experiments performed in collaboration with SEMATECH, Texas Instruments, and IBM.
The results of these two efforts demonstrated the capabilities of the scatterometer

technique to the semiconductor community, which has subsequently led to acceptance of
the technique.

SUB-0.20 pm Photoresist Characterization: One of the efforts simulated the
conditions that would be encountered by applying scatterometer measurement techniques
in a semiconductor fabrication environment to characterize photoresist structures with
line-widths between 0.15 pm and 0.40 pm. The photoresist was on top of films of poly-
Si and SiO; (i.e. a gate-layer structure). The line-widths of the photoresist structure, the
photoresist thickness, and the thicknesses of the other two films were intentionally made
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to be different from sample-to-sample, thereby simulating actual fabrication conditions.
We demonstrated the ability of scatterometry to provide line-width measurements in a
situation in which the thickness of the three layers was changing. Indeed, the single
scatterometer measurement provided values of the three thicknesses. This effort was
performed in collaboration with investigators at SEMATECH and Texas Instruments,
with confirming sample measurements performed at these facilities by other techniques
(SEM, AFM, and ellipsometry). Over 3000 sample measurements were performed in this
effort, which would not have been possible without the automation and computational
enhancements to our scatterometer apparatus provided by the Equipment Grant.

DRAM Deep Trench Measurement: We utilized part of the funds of the Equipment
Grant to construct a scatterometer arrangement based upon image processing analysis of
diffraction data. This provided the ability to perform an effort in collaboration with IBM
that involved measurement of deep trenches used in the fabrication of 16 MB DRAM's.
The trenches were approximately 8-10 pm deep and had sub-pum oval top profile. This
makes it possible to characterize the trenches using only cross-section SEM prior to our
effort. In the effort, we demonstrated the ability of scatterometry to non-destructively
measure the trench depth, with results agreeing with subsequent SEM measurements of
the same samples to better than 2 nm.

PUBLICATIONS ENABLED BY THIS EQUIPMENT GRANT

This Equipment Grant to a large degree enabled scatterometer research results
that lead to 8 refereed journal publications and 15 non-refereed publications (conference
proceedings). The most recent refereed journal publications are attached.




Scatterometry measurement of sub-0.1 um linewidth gratings
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The effort discussed here addresses the use of shorter incident wavelengths for characterizing
sub-0.1 um linewidths and the corresponding influence on scatterometry measurement sensitivity to
linewidth variations. A sensitivity metric, based on the variance statistic, was developed using
well-characterized, large-pitch (0.80 xm) photoresist grating structures on Si illuminated at 633 and
442 nm. The same metric was applied to short-pitch (0.20 um), etched gratings on InP, with the
result that appreciable scatterometry sensitivity was measured, even at the 633 nm incident
wavelength. Modeling was used to estimate scatterometry sensitivity at three wavelengths for
photoresist critical dimensions of 100 and 70 nm on Si. A significant increase in sensitivity was not
found until the incident wavelength was reduced to 325 nm. We are presently investigating
techniques to improve measurement sensitivity for short-pitch structures using the 633 nm incident
wavelength. © 1998 American Vacuum Society. [S0734-211X(98)08101-3]

I. INTRODUCTION

Diffraction has long been used to measure linewidths of
grating test structures, evolving into the metrology technique
called scatterometry.'”> The use of scatterometry for semi-
conductor metrology has been widely reported.“'m Optical
scatterometric techniques have been developed and refined
for measuring grating test structures on substrate materials,
primarily for semiconductor manufacturing applications.
With the same lithographic, etch, and subsequent processing
steps used for a device’s critical dimensions (CD)—for ex-
ample. transistor gates—the test structure, coupled with scat-
terometry measurements, allows improved monitoring, and
potentially control, of device processing. Using optical scat-
terometry, it is possible to implement in-line and in some
applications in situ metrology to support device processing,
key elements identified in the National Technology Roadmap
for Semiconductors for both lithographic and interconnect
processes. !

The Technology Roadmap projects that in order to meet
sub-0.1 um CD requirements, processing tolerances of tens
of nanometers. and metrology capabilities one tenth of that,
or ~ 1 nm, will be necessary. There also will be a trend for
uniformity measurements on the wafer to increase from a
few points (~CY1994) to wafer map (~CY2001) to intra-
chip (~CY2007). These needs drive the search for accurate,
high-speed, repeatable, noncontact CD metrology tools.
However, as CDs continue to shrink below 0.5 um, the vi-
ability of current-technology metrology tools diminishes.
Some have placed the limit of optical imaging metrology,
i.e., optical microscopy, in the range of 0.5-0.8 ,um.l2
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To assess linewidth metrology well below 0.5 um using
scatterometry, we have performed measurements of etched
gratings with linewidths less than 0.1 um, and we believe
this optical technique has considerable potential as a metrol-
ogy tool, even at these very small linewidths. Scatterometry
is not an optical imaging technique; it involves measurement
and analysis of the diffracted coherent illumination of a
sample. The constraining physical process for optical imag-
ing, that is, diffraction, is applied to advantage as the very
basis of scatterometry. As a consequence of the phase infor-
mation present in diffraction signatures, scatterometry may
achieve high measurement precision of lines much smaller
than the incident light wavelength. However, this requires
measuring a number of lines at once, determined by the size
of the incident laser spot, which in our experiments was
100-200 um. The result is an average linewidth value which
is less susceptible to small line-to-line variations which
would more seriously impact a single scanning electron mi-
croscopy (SEM) measurement. The scatterometry technique,
because of this averaging. may be somewhat insensitive to
small-scale, single or localized defects. that is, defects on a
scale of a few um or below. We have been able to detect
grating uniformity variations over large. ~ mm to ~ cm,
areas of the Si wafer; however, discussion of these unifor-
mity measurements is beyond the scope of this article. Be-
cause standards for sub-0.5 um dimensions are nonexistent,
assessment of metrology options is difficult.'* However, con-
sidering the attributes of scatterometry, i.e., noncontact. non-
destructive, accurate, sensitive, repeatable, with simulta-
neous multilayer film measurement capabilities, it is of
interest to explore the limits of scatterometry for deep sub-
micron (~0.1 um) linewidths.

©1998 American Vacuum Society 80
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Much of the recently reported work in scatterometric me-
trology has been applied to contemporary process technology
(0.25-0.5 um linewidths) using semiconductor samples for
the experimental verification of modeling efforts. 34> For
these developed photoresist CDs, grating pitches (periods) of
0.75-1.0 um have been used. Simulations of 0.07 and 0.1
pum CD structures generally showed less distinction in the
character of the scatterometry ‘‘signatures’’ and less varia-
tion of those signatures with CD changes, i.e., less sensitiv-
ity. Yoon et al. and Minhas et al. have speculated that using
shorter wavelengths might recover the sensitivity that ap-
pears to be lost in application of scatterometry to small
CDs.'%!" We report here the results of using a shorter oper-
ating wavelength (442 nm) in a laboratory scatterometer. In
addition, we have applied computer analyses using rigorous
coupled wave theory (RCWT!®) 1o assess sensitivity at 325
nm incident wavelength using scatterometry.

Ii. EXPERIMENTAL ARRANGEMENT

The experimental arrangement is illustrated in Fig. 1. The
sample wafer containing the test grating(s) was mounted on
computer-controlled rotation and translation stages. The pho-
todiode detector, also under computer control, could be ro-
tated completely around the sample. The intensity of a dif-
fracted order of the laser beam reflected from the grating was
““tracked’”’ by the detector, which measures the intensity as
the angle of incidence (®) is changed. The result was a dis-
tinctive signature which depends on the grating’s dimen-
sions, underlying film thicknesses. and the refractive indices
of the grating and films. We have chosen to analyze a devel-
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oped photoresist line pattern (grating) on an anti-reflective
coating (ARC) over Si. This photoresist grating has been
fabricated at the University of New Mexico's Center for
High Technology Materials, with well-defined geometric
characteristics of pitch ~0.3—0.4 xm, linewidth ~0.12 um,
and vertical sidewalls. It is straightforward to analyze other
materials, geometries, and underlying film layers with the
scatterometry technique, as is done in a number of the refer-
ences. The basis for the analysis of scatterometry experimen-
tal data is building a representative computer-based model of
the grating, to include the complex indices of refraction for
each component material, a geometric ‘‘shape™” profile of the
grating, and thickness of each layer down to the substrate.
Metallic coatings may be included as well. All of these pa-
rameters may be varied within the modeling process. know-
ing the nominal design and semiconductor processing ranges
of variation, in order to calculate theoretical scatter signa-
tures with which to match the experimental data. More de-
tailed discussions of this experimental arrangement are con-
tained in Refs. 8. 9, and 14.

In the sections which follow, reference is made to specific
grating and laser polarization orientations. Four combina-
tions were used: grating lines oriented either vertically
(“‘conventional’’) or horizontally (‘‘conical™*); and laser
beam polarization oriented either perpendicular (*“TE”) or
parallel (*“TM’") to the plane of incidence. The plane of
incidence is defined by the input laser beam vector and the
vector normal to the sample, which is horizontal in Fig. 1.

lil. SCATTEROMETRY ACCURACY AND
SENSITIVITY

A. Preliminary experiments

Both sensitivity and accuracy are desirable characteristics
of a metrology tool. As previously mentioned, the lack of a
metrology standard for sub-0.5 um linewidths complicates
the assessment of metrology tool accuracy. In this article,
analysis and comparison of scatterometry accuracy with
other means such as SEM and atomic force microscopy
(AFM) are not the primary goal; these have been treated in
prior work.®? For example, Raymond et al. have shown that
top-down SEM measurements consistently exhibit a signifi-
cant offset (bias) to scatterometric measurements, while scat-
terometry and cross-section SEM results agree quite well.

More recently we have characterized photoresist gratings
on an ARC layer on Si, of nominal 0.25 and 0.35 um line-
width and 0.75 and 0.8 um pitch, respectively, and etched
InP gratings of sub-0.1 um linewidth and 0.2 um pitch, us-
ing both 442 and 633 nm incident wavelengths. These larger-
linewidth Si samples, because they were uniform and well
characterized, first were used to develop a sensitivity metric.
The availability of finer-linewidth InP samples allowed a
collection of actual short-pitch data and a comparison with
theory. These techniques were then applied theoretically to
short-pitch, ~0.1 pm linewidth Si cases.

A sense of the correlation between the Si sample mea-
surement results using the two incident wavelengths, along
with SEM measurements, is possible by examining Fig. 2,
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FiG. 2. Scatterometry linewidth measurements, TE conventional, at 633 and
442 nm compared to top-down SEM measurements for nominal 0.35 um
linewidth. 0.8 um pitch photoresist-on-Si gratings.

which compares the top-down SEM linewidth measurements
to scatterometer measurements. A bias of approximately 20
nm can be seen. This bias has been observed previously in
characterizing samples having similar structure, as noted
above for results presented in Ref. 9. The current scatterom-
eter measurements were determined with a computational
resolution of 1 nm. The average linewidth difference be-
tween the 633 and 442 nm results is 4.2 nm, and both sets of
these scatterometer data are correlated with the SEM data.
Results from characterizing the InP etched gratings hav-
ing sub-0.1 um linewidths are shown in Fig. 3. Six sites on
an InP wafer were measured using the scatterometer at 633
and 442 nm incident wavelengths. The scatterometry data
track the AFM results well: the average bias between the
AFM measurements was 2.9 nm at the 633 nm wavelength
and 3.8 nm at the 442 nm wavelength. The bias with the
cross-section SEM data was greater: the average difference
from SEM measurements was 9.1 nm at the 633 nm wave-
length and 11.0 nm at the 442 nm wavelength. Note that the
SEM measurements were taken at the same nominal scatter-
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FiG. 3. Scatterometry linewidth measurements. TM conventional. at 633 and
442 nm compared to AFM and cross-section SEM measurements for sub-
0.1um linewidth. 0.2 um pitch InP etched gratings.

J. Vac. Sci. Technol. B, Vol. 16, No. 1, Jan/Feb 1998
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FiG. 4. Scatterometry depth measurements. TM conventional, at 633 and
442 nm compared to AFM and cross-section SEM measurements for sub-0.2
um depth, 0.2 um pitch InP etched gratings.

ometry measurement sites. For the same InP samples, Fig. 4
shows measurements of grating depth. The scatterometry
data are consistent with the AFM and SEM results: the av-
erage difference from AFM measurements was —6.0 nm at
both wavelengths, and the offset from the cross-section SEM
data was — 7.7 nm at both wavelengths. It can be seen that
all three techniques follow the same trends in linewidth and
depth. These data demonstrate the potential of scatterometry
for sub-0.1 um linewidth metrology.

The sensitivity of scatterometry, i.e., how much the sig-
natures change when a sample parameter is varied, is an
important characteristic and ultimately determines linewidth
measurement precision. While sensitivity might involve grat-
ing linewidth, depth, pitch. or underlying film thicknesses.
our primary interest has been in the sensitivity to linewidth
variation. In the following sections we focus on the sensitiv-
ity of scatterometry with respect to reduction in the operating
wavelength.
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Fic. 5. Example scatterometry signatures for computation of avg. variance
metric.
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B. Sensitivity metric

In order to assess the sensitivity of the scatterometry tech-
nique at different wavelengths and for different samples, a
common metric is required. We define sensitivity as the
change in a measured parameter versus a change in a sample
feature (e.g., linewidth). In scatterometry, the measured pa-
rameter is a point in the ‘‘scatterometer signature,”” which is
a normalized intensity profile measured as a function of the
angle of incidence of the laser beam to the sample. Hence
these signatures represent a collection of many data points
which characterize the change in diffraction efficiency of the
sample as the angle of incidence of the illuminating laser is
changed. :

Quantitative, statistical measures of the overall signature
change—or amount of spread between signatures corre-
sponding to two samples having different linewidths—
include range, mean absolute variation, variance, standard
deviation, and mean-square error (MSE). Previously, we
have used normalized MSE. an adaptation of our earlier
(non-normalized) MSE computations for matching experi-
mental data to model predictions when the two data sets are
similar in range. However. the normalized MSE technique
overemphasizes portions of the signature that have very
small values of diffraction efficiency. A metric is desired that
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FiG. 7. Scatterometry measurements, TE conventional. at 442 nm of nomi-
nal 0.25 um linewidth. 0.75 um pitch photoresist-on-Si gratings. ~6nm
linewidth increment between signatures. for (a) O order, (b) Ist order.

weights the entire signature evenly, as it is generally not
known a priori what the shape of the experimental signature
will be. To this end, we have chosen to use the average
variance as the sensitivity metric, defined as

= & [2 = ®)?
s2=M2[—J—£‘JA}, §))

i= n—1

where the term in brackets is recognized as the variance.'®

This term is computed by using the values of all signatures
resulting from linewidth variations, i.e., x;; represents a dif-
fraction efficiency for the ith incidence angle and the jth
linewidth. The term preceding the brackets takes the average
over all angles of incidence. This process is illustrated in Fig.
5 for three example signatures: at each angle of incidence,
i.e., for i=1,2,3...18, the mean, X;, and a variance are com-
puted. In this example, the number of signatures () is equal
to 3, and the number of incident angles (M) is 18. The
“‘average variance’ is taken to be a measure of the spread
between the curves, and in the following sections is referred
to as ‘‘avg. variance’’. An average is appropriate as long as
the CD increment is small, and changes are comparable in
magnitude from one signature to the next. A larger value of
avg. variance indicates higher measurement sensitivity.
which is of value in a process metrology tool for nanometer-
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FiG. 8. Variance between signatures as a function of angle of incidence for
0O-order scatterometry measurements. TE conventional. of nominal 0.25 um
linewidth. 0.75 um pitch photoresist-on-Si gratings, ~ 6 nm linewidth incre-
ment between signatures, at (a) 633 nm. {b) 442 nm.

scale variations. Scatterometer signatures may exhibit con-
siderably more structure than is shown in the example. as
will be seen in the following sections.

IV. WAVELENGTH EFFECTS ON MEASUREMENT
SENSITIVITY

A. Large-pitch samples

Initial experiments using 633 and 442 nm incident wave-
lengths were performed on samples obtained from SEMA-
TECH. The samples consisted of developed photoresist pat-
terns of nominal 0.35 um lines, 0.80 um pitch. and nominal
0.25 um lines. 0.75 um pitch. Samples with similar grating
dimensions. along with conventional 633 nm scatterometer
measurements. are described in detail by Raymond et al’®

Our task with this same type of grating structure was to
determine whether the sensitivity of scatterometry was sig-
nificantly improved by using shorter laser wavelengths. Be-
cause the pitch of these sample gratings was relatively large
with respect to the operating wavelengths. both 0- and Ist-
order diffraction were characterized. A typical series of mea-
surements is shown in Figs. 6(a) and 6(b) and 7(a) and 7(b)
for 633 and 442 nm laser wavelengths. respectively. Step-
ping from test site to test site corresponds to a linewidth
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FiG. 9. Scatterometry measurements. TM conventional. of sub-0.1 um line-
width. 0.2 um pitch InP etched gratings, ~25 nm linewidth increment be-
tween [-J and K-L signatures. at (a) 633 nm, (b) 442 nm.

increment of nominally 6 nm. The following trends can be
observed from the signatures. When the pitch is large com-
pared to the incident wavelength, as in the current example.
the 1st order may show more sensitivity than the 0 order. For
example, where sensitivity appears low for 633 nm in the
0-order signature [Fig. 6(a)]. it is recovered in the Ist-order
signatures [Fig. 6(b)]. At 442 nm. there is sensitivity in the 0
order [Fig. 7(a)] as well as in Ist-order [Fig. 7(b)] signatures.
Also. it can be observed that at 442 nm there is more "*struc-
ture” to the signatures. which helps to differentiate between
CD increments. There is a noticeable spreading between the
signatures, and this occurs at different angular locations de-
pending upon diffraction order, wavelength, mounting con-
figuration, and laser polarization. Applying the avg. variance
sensitivity metric to the 0-order data. the resulting values are
7.95X 105 for 633 nm and 1.07% 10~ for 442 nm, indicat-
ing a 35% sensitivity improvement at 442 nm. The indi-
vidual variances used to compute the avg. variance are plot-
ted in Figs. 8(a) and 8(b) as a function of incidence angle. ©.
These variance plots are helpful in identifying regions of
maximum sensitivity as the angle of incidence is varied.
again depending upon the sample and measurement details.
For example. Fig. 8(a) shows a narrow region of higher sen-
sitivity near 16° angle of incidence. while sensitivity is low
at all other angles. At 442 nm. as shown in Fig. 8(b). two
broader regions of sensitivity are indicated. from 2° to 8° and
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FiG. 10. Scatterometry model results. TE conventional, for nominat 0.1 um
linewidth, 0.36 um pitch photoresist-on-ARC-on-Si gratings, 2 nm line-
width increment between signatures. at (a) 633 nm, (b) 442 nm, (c) 325 nm.

above 50°. These observations are consistent with the sub-
jective assessment of signature “‘spreading’’ as linewidth is
varied, as discussed in connection with Figs. 6(a) and 7(a).
Having developed and tested a sensitivity metric, it was de-
sired to investigate shorter-pitch grating samples with sub-
0.1 um linewidths.

B. Short-pitch samples

The samples of etched InP gratings previously mentioned
in connection with Figs. 3 and 4 were used for this investi-
gation. Although not representative of Si technology in terms
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FiG. 11. Scatterometry model results. TE conventional. for nominal 0.07 pm
linewidth, 0.2 um pitch photoresisl-on-ARC-on-Si gratings, 2 nm linewidth
increment between signatures, at (a) 633 nm, (b) 442 nm, (c) 325 nm.

of material or dimensions, these were the only uniform, well-
characterized sub-0.1 um CD samples available. The nomi-
nal grating pitch was 0.2 um, with linewidths ranging from
25 to 55 nm, and depths of 100 to 200 nm. Because this pitch
is considerably smaller than the incident wavelength, the
grating only produces 0-order diffraction at 633 and 442 nm
wavelengths. ~ Scatterometer ~signatures for the TM-
conventional mounting mode are shown in Figs. 9(a) and
9(b) for the two wavelengths. respectively. A computation
resolution of 2 nm was used, and the nominal CD increment
on the wafer was 25 nm in this case. The avg. variances for
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TasLe 1. Summary of ave. variances for all configurations vs X for 100
nm lines.

TasLE II. Summary of ave. variances for all configurations vs A, for 70 nm
lines.

Ao Conventional Conic Ao Conventional Conic
(nm) TE ™ TE ™ (nm) TE ™ TE ™
633 4.3e-5 1.0e-5 4.5e—5 9.8¢—6 633 S5.le—4 24e—6 1.3e—4 3.5¢e—5
442 3.0e—5 1.0e—-5 44e-5 3.0e-5 442 l.le—3 20e—5 7.7e-5 2.5e—-5
325 7.0e—4 7.le—4 1.6e—-3 2.7e—-4 325 1.6e—3 69e—-4 4.1e—4 2.0e—4

these signatures are 4.40X 1073 at 633 nm and 2.47X 1073
at 442 nm. showing no significant influence on the sensitivity
by using the shorter measurement wavelength. Note, how-
ever, that scatterometry, even at the 633 nm incident wave-
length, exhibits sufficient sensitivity to remain a useful tool
for detecting changes in linewidth in the 0.05 um CD region.

Overall sensitivity can be compared to those levels re-
ported above for large-pitch samples by dividing the large-
and short-pitch avg. variance metrics by the respective line-
width increments in each case, yielding a variance-per-nm
figure. At 633 nm wavelength., the result is 1.3
X107° nm~! for the large-pitch sample and 1.8
% 10™* nm™! for the short-pitch sample. At 442 nm. the re-
sult is 1.8X 1073 nm™! for the large-pitch sample and 9.9
%1073 nm™' for the short-pitch sample. At both wave-
lengths, somewhat greater sensitivity per nm was observed
with the short-pitch sample. Such a result is surprising if one
considers that as the linewidth and pitch of the grating are
reduced below the incident wavelength, \g, these features
have less and less effect and begin to approximate a surface
roughness on a scale <€\,. This result quite possibly is due
to the dissimilar materials and dimensions between the
photoresist-on-Si and the etched InP samples and suggests
that other factors. in addition to wavelength. also influence
sensitivity. Hence. we do not regard the differences in sen-
sitivity shown with these dissimilar samples to be notewor-
thy. Experimentally, we have observed that the structure. or
variation. within diffraction signatures tends to disappear as
the pitch and linewidth are reduced. Note the Fresnel-like
characteristics of the short-pitch InP samples in Fig. 9(a). as
compared to the less-predictably varying large-pitch signa-
tures in Fig. 6(a). In Fig. 10. one observes that the signatures
contain more structure as the incident wavelength is reduced.

C. Modeling of sub-0.1 um photoresist-on-silicon
gratings

To assess the measurement sensitivity for a short-pitch
photoresist structure with dimensions consistent with Tech-
nology Roadmap projections. the diffraction of nominal 70
and 100 nm linewidth photoresist grating structures on Si
was investigated using computer modeling: well-
characterized samples were not available for actual measure-
ments. The grating pitches were fixed at 0.20 and 0.36 um.
respectively. Resist height was 0.5 um. and an anti-reflection
layer (ARC) of 75 nm was included between the resist and
the Si substrate. Diffraction from these structures was evalu-
ated at laser wavelengths of 633. 442. and 325 nm. and the
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refractive indices for resist. ARC and Si. were set corre-
sponding to each wavelength. Five linewidth steps in incre-
ments of 2 nm were modeled at each wavelength: nominal
linewidth, nominal *2 nm, and nominal *4 nm.

A representative set of signatures, in this case for the
TE-conventional measurement configuration, are shown in
Figs. 10(a)-10(c) and 11(a)-11(c) for the nominal 100 and
70 nm linewidths, respectively. Tables I and II summarize
the sensitivity metric data for the 100 and 70 nm cases. re-
spectively, for the four combinations of TE/TM input polar-
ization and conventional/conical grating mounting.

These avg. variance data are plotted in Figs. 12(a) and
12(b). Qualitatively, it can be observed in Figs. 10 and 11
that the spreading between signatures increases for decreas-
ing incident wavelength. The metric plots of Fig. 12 indicate,
however, that the benefit in sensitivity is not pronounced
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0.0015F —e—TE-100nm | |
o RN —>-TE-70nm | 1
g RN
8 e
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Fic. 12. Avg. variance as a function of wavelength from scatterometry
model results. for nominal 0.07 and 0.1 um linewidths. photoresist-on-
ARC-on-Si gratings. for (a) TE and TM conventional. (b) TE and TM conic.
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until the wavelength is reduced to 325 nm. An exception to
this trend is observed for the TE-conventional case for nomi-
nal 70 nm linewidths. as shown in Fig. 12(a). The increase in
sensitivity for this particular configuration may be related to
the pitch of the grating and is an area requiring further in-
vestigation. The implication is that there may be ways of
increasing the scatterometry measurement sensitivity by
careful selection of test grating dimensions. Prefabrication
modeling would allow an optimum test structure to be de-
signed.

V. CONCLUSIONS

In response to the need to assess measurement sensitivity,
an avg. variance metric was developed. This metric was then
used to compare scatterometer measurement sensitivity at
muitiple wavelengths. to determine angular regions of sensi-
tivity. and to gain insight into the influence of other param-
eters on measurement sensitivity.

When the pitch of the sample is large compared to the
incident wavelength, the 1st order may be useful. i.e.. where
sensitivity is low for the 0-order signature, it possibly may be
recovered in the 1st order. At 442 nm there was still signifi-
cant sensitivity at O order and at Ist order, and there was
more structure to the signatures. which helps to differentiate
between CD increments. For shorter-pitch structures for
which only a O-order diffraction signature is possible, struc-
ture in the signature is reduced, but the signature still exhib-
its sensitivity to linewidth variations when using the 633 nm
incident wavelength. )

From these data, it can be concluded that the strategy of
reducing the scatterometer operating wavelength may in-
crease sensitivity significantly, particularly at the 325 nm
wavelength. However, such an improvement is quite depen-
dent on the sample materials involved and the grating test
structure. For photoresist grating structures on Si, it appears
that scatterometry measurement sensitivity can be positively
influenced by judicious selection of test structure dimen-

JVST B - Microelectronics and Nanometer Structures

sions. We are presently investigating additional techniques
for increasing measurement sensitivity for sub-0.1 um struc-
tures while maintaining use of the convenient 633 nm laser
wavelength.
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The effort discussed here addresses the use of shorter incident wavelengths for characterizing
sub-0.1 um linewidths and the corresponding influence on scatterometry measurement sensitivity to
linewidth variations. A sensitivity metric, based on the variance statistic, was developed using
well-characterized, large-pitch (0.80 um) photoresist grating structures on Si illuminated at 633 and
442 nm. The same metric was applied to short-pitch (0.20 um), etched gratings on InP, with the
result that appreciable scatterometry sensitivity was measured, even at the 633 nm incident
wavelength. Modeling was used to estimate scatterometry sensitivity at three wavelengths for
photoresist critical dimensions of 100 and 70 nm on Si. A significant increase in sensitivity was not
found until the incident wavelength was reduced to 325 nm. We are presently investigating
techniques to improve measurement sensitivity for short-pitch structures using the 633 nm incident
wavelength. © 1998 American Vacuum Society. [S0734-211X(98)08101-3]

I. INTRODUCTION

Diffraction has long been used to measure linewidths of
grating test structures, evolving into the metrology technique
called scatterometry.'”> The use of scatterometry for semi-
conductor metrology has been widely reported.*™'® Optical
scatterometric techniques have been developed and refined
for measuring grating test structures on substrate materials,
primarily for semiconductor manufacturing applications.
With the same lithographic, etch, and subsequent processing
steps used for a device’s critical dimensions (CD)—for ex-
ample, transistor gates—the test structure, coupled with scat-
terometry measurements, allows improved monitoring, and
potentially control, of device processing. Using optical scat-
terometry. it is possible to implement in-line and in some
applications in situ metrology to support device processing,
key elements identified in the National Technology Roadmap
for Semiconductors for both lithographic and interconnect
processes.'!

The Technology Roadmap projects that in order to meet
sub-0.1 um CD requirements, processing tolerances of tens
of nanometers. and metrology capabilities one tenth of that,
or ~ 1 nm, will be necessary. There also will be a trend for
uniformity measurements on the wafer to increase from a
few points (~CY1994) to wafer map (~CY2001) to intra-
chip (~CY2007). These needs drive the search for accurate,
high-speed, repeatable, noncontact CD metrology tools.
However, as CDs continue to shrink below 0.5 um, the vi-
ability of current-technology metrology tools diminishes.
Some have placed the limit of optical imaging metrology,
i.e., optical microscopy, in the range of 0.5-0.8 pm.'z
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80 J. Vac. Sci. Technol. B 16(1), Jan/Feb 1998

0734-211X/98/16(1)/80/8/$10.00

To assess linewidth metrology well below 0.5 um using
scatterometry, we have performed measurements of etched
gratings with linewidths less than 0.1 um, and we believe
this optical technique has considerable potential as a metrol-
ogy tool, even at these very small linewidths. Scatterometry
is not an optical imaging technique; it involves measurement
and analysis of the diffracted coherent illumination of a
sample. The constraining physical process for optical imag-
ing, that is, diffraction, is applied to advantage as the very
basis of scatterometry. As a consequence of the phase infor-
mation present in diffraction signatures, scatterometry may
achieve high measurement precision of lines much smaller
than the incident light wavelength. However, this requires
measuring a number of lines at once, determined by the size
of the incident laser spot, which in our experiments was
100-200 xm. The result is an average linewidth value which
is less susceptible to small line-to-line variations which
would more seriously impact a single scanning electron mi-
croscopy (SEM) measurement. The scatterometry technique,
because of this averaging. may be somewhat insensitive to
small-scale, single or localized defects, that is, defects on a
scale of a few um or below. We have been able to detect
grating uniformity variations over large. ~ mm to ~ cm,
areas of the Si wafer; however, discussion of these unifor-
mity measurements is beyond the scope of this article. Be-
cause standards for sub-0.5 um dimensions are nonexistent,
assessment of metrology options is difficult.!* However, con-
sidering the attributes of scatterometry, i.e., noncontact, non-
destructive, accurate, sensitive, repeatable, with simulta-
neous multilayer film measurement capabilities, it is of
interest to explore the limits of scatterometry for deep sub-
micron (~0.1 um) linewidths.

©1998 American Vacuum Society 80
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Wafer cm;;;:r : opeq photoresist line p.atterr} (grating) on an z‘mti-reﬂective
: coating (ARC) over Si. This photoresist grating has been
fabricated at the University of New Mexico’s Center for
High Technology Materials, with well-defined geometric
Snd 15 ok Spatial characteristics of pitch ~0.3-0.4 um, linewidth ~0.12 xm,
Diftraction F;‘;z:s;": and vertical sidewalls. It is straightforward to analyze other
%Mmmed Optics materials, geometri?s, and 'underlyl.ng film layers with the
Stage scatterometry technique, as is done in a number of the refer-
ences. The basis for the analysis of scatterometry experimen-
| tal data is building a representative computer-based model of
k:l;ilr;ﬂer Computer the grating, to include.the complex .indices o.f.refraction for
each component material, a geometric ‘‘shape’” profile of the
grating, and thickness of each layer down to the substrate.
ﬁGrating: Metallic coatings may be included as well. All of these pa-
"Conventional” Orientation rameters may be varied within the modeling process, know-
ing the nominal design and semiconductor processing ranges
B Incident Laser: of variation, in order to calculate theoretical scatter signa-
:i:\. Oth Polasization: tures with which to match the experimental data. More de-
i; N Ist tailed discussions of this experimental arrangement are con-
H,\i 4 Order 1 TE tained in Refs. 8, 9, and 14.
< In the sections which follow. reference is made to specific
/ ™ grating and laser polarization orientations. Four combina-
tions were used: grating lines oriented either vertically
) ) (“‘conventional’’) or horizontally (*‘conical’"); and laser
f")?\“.;;“ ’;;‘:l'f'_i.gro‘:xmmemal arrangement (b) configurations:  peam polarization oriented either perpendicular (““TE™) or
parallel (““TM”) to the plane of incidence. The plane of
incidence is defined by the input laser beam vector and the
Muc:  : wie recently reported work in scatterometric me-  Vector normal to the sample, which is horizontal in Fig. 1.
trology - been applied to contemporary process technology
(0.25-'  um linewidths) using semiconductor samples for lil. SCATTEROMETRY ACCURACY AND

SENSITIVITY

A. Preliminary experiments

the ex;. mental verification of modeling efforts.>1*!5 For
these d: -oped photoresist CDs, grating pitches (periods) of

0.75-! sm have been used. Simulations of 0.07 and 0.1 .
um C es generally showed less distinction in the Both sensitivity and accuracy are desirable characteristics
charac scatterometry “‘signatures’ and less varia- of a metrology tool. As previously mentioned, the laclf of a
tion o natures with CD changes, i.e., less sensitiv- metrology standard for sub-0.5 um linewidths canphc'ates
ity. Y. .nd Minhas er al. have speculated that using the as§essment of me.trology tool accuracy. In this amc.le,
shorter sths- might recover the sensitivity that ap- analysis and comparison of scatterorpetry accuracy with
pears " in application of scatterometry to small other means such as SEM and atomic force microscopy
CDs." jort here the results of using a shorter oper- (A.FM) are 8“;” the primary goal; these have been treated in
ating - | (442 nm) in a laboratory scatterometer. In prior work.” For example, Raymoqd et al. hav‘e 'show.n tl.lat
additic ¢ applied computer analyses using rigorous top-down SEM measurements cpnmstemly exhibit a‘51gmﬁ-
couple eory (RCWT’B) to assess sensitivity at 325 cant offset (bias) to scatt;romemc measurements, \fvhxle scat-

nm in. elength using scatterometry. terometry and cross-section SEM results agree quite well.
More recently we have characterized photoresist gratings
on an ARC layer on Si, of nominal 0.25 and 0.35 um line-
. EX. ITAL ARRANGEMENT width and 0.75 and 0.8 wm pitch, respectively, and etched
The ntal arrangement is illustrated in Fig. 1. The  InP gratings of sub-0.1 um linewidth and 0.2 um pitch, us-
sampl. ntaining the test grating(s) was mounted on ing both 442 and 633 nm incident wavelengths. These larger-
compt lled rotation and translation stages. The pho-  linewidth Si samples, because they were uniform and well
todiod also under computer control, could be ro- characterized, first were used to develop a sensitivity metric.
tated . around the sample. The intensity of a dif-  The availability of finer-linewidth InP samples allowed a
fracte: he laser beam reflected from the grating was  collection of actual short-pitch data and a comparison with
““track e detector, which measures the intensity as  theory. These techniques were then applied theoretically to

the an dence (®) is changed. The result was a dis- short-pitch, ~0.1 xm linewidth Si cases.

tinctin ¢ which depends on the grating’s dimen- A sense of the correlation between the Si sample mea-
sions. - film thicknesses. and the refractive indices  surement results using the two incident wavelengths, along
of the i films. We have chosen to analyze a devel-  with SEM measurements, is possible by examining Fig. 2,
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FiG. 2. Scatterometry linewidth measurements, TE conventional. at 633 and
442 nm compared to top-down SEM measurements for nominal 0.35 um
linewidth. 0.8 um pitch photoresist-on-Si gratings.

which compares the top-down SEM linewidth measurements
to scatterometer measurements. A bias of approximately 20
nm can be seen. This bias has been observed previously in
characterizing samples having similar structure, as noted
above for results presented in Ref. 9. The current scatterom-
eter measurements were determined with a computational
resolution of 1 nm. The average linewidth difference be-
tween the 633 and 442 nm results is 4.2 nm, and both sets of
these scatterometer data are correlated with the SEM data.
Results from characterizing the InP etched gratings hav-
ing sub-0.1 um linewidths are shown in Fig. 3. Six sites on
an InP wafer were measured using the scatterometer at 633
and 442 nm incident wavelengths. The scatterometry data
track the AFM results well: the average bias between the
AFM measurements was 2.9 nm at the 633 nm wavelength
and 3.8 nm at the 442 nm wavelength. The bias with the
cross-section SEM data was greater: the average difference
from SEM measurements was 9.1 nm at the 633 nm wave-
length and 11.0 nm at the 442 nm wavelength. Note that the
SEM measurements were taken at the same nominal scatter-
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FiG. 3. Scatterometry linewidth measurements. TM conventional. at 633 and
442 nm compared to AFM and cross-section SEM measurements for sub-
0.1um linewidth. 0.2 um pitch InP etched gratings.
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FiG. 4. Scatterometry depth measurements. TM conventional, at 633 and
442 nm compared to AFM and cross-section SEM measurements for sub-0.2
pum depth, 0.2 um pitch InP etched gratings.

ometry measurement sites. For the same InP samples, Fig. 4
shows measurements of grating depth. The scatterometry
data are consistent with the AFM and SEM results: the av-
erage difference from AFM measurements was —6.0 nm at
both wavelengths, and the offset from the cross-section SEM
data was — 7.7 nm at both wavelengths. It can be seen that
all three techniques follow the same trends in linewidth and
depth. These data demonstrate the potential of scatterometry
for sub-0.1 um linewidth metrology.

The sensitivity of scatterometry, i.e., how much the sig-
natures change when a sample parameter is varied, is an
important characteristic and ultimately determines linewidth
measurement precision. While sensitivity might involve grat-
ing linewidth, depth, pitch. or underlying film thicknesses.
our primary interest has been in the sensitivity to linewidth
variation. In the following sections we focus on the sensitiv-
ity of scatterometry with respect to reduction in the operating
wavelength. '
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FiG. 5. Example scatterometry signatures for computation of avg. vanance
metric.
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FiG. 6. Scatterometry measurements. TE conventional. at 633 nm of nomi-
nal 0.35 um linewidth. 0.75 um pitch photoresist-on-Si gratings. ~6 nm
average linewidth increment between signatures. for (a) O order, (b) Ist
order.

B. Sensitivity metric

In order to assess the sensitivity of the scatterometry tech-
nique at different wavelengths and for different samples, a
common metric is required. We define sensitivity as the
change in a measured parameter versus a change in a sample
feature (e.g., linewidth). In scatterometry, ‘the measured pa-
rameter is a point in the ‘‘scatterometer signature,’”’ which is
a normalized intensity profile measured as a function of the
angle of incidence of the laser beam to the sample. Hence
these signatures represent a collection of many data points
which characterize the change in diffraction efficiency of the
sample as the angle of incidence of the illuminating laser is
changed. :

Quantitative, statistical measures of the overall signature
change—or amount of spread between signatures corre-
sponding to two samples having different linewidths—
include range, mean absolute variation, variance, standard
deviation, and mean-square error (MSE). Previously, we
have used normalized MSE. an adaptation of our earlier
(non-normalized) MSE computations for matching experi-
mental data to model predictions when the two data sets are
similar in range. However. the normalized MSE technique
overemphasizes portions of the signature that have very
small values of diffraction efficiency. A metric is desired that
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FiG. 7. Scatterometry measurements, TE conventional. at 442 nm of nomi-
nal 0.25 um linewidth, 0.75 um pitch photoresist-on-Si gratings, ~6 nm
linewidth increment between signatures. for (a) 0 order. (b) st order.

weights the entire signature evenly, as it is generally not
known a priori what the shape of the experimental signature
will be. To this end, we have chosen to use the average
variance as the sensitivity metric, defined as

M —\2
- .1 S (xi— X))
2=-—— __-———-—‘, ! ki !
STM ,2=. [

where the term in brackets is recognized as the variance.'
This term is computed by using the values of all signatures
resulting from linewidth variations, i.e., x;j represents a dif-
fraction efficiency for the ith incidence angle and the jth
linewidth. The term preceding the brackets takes the average
over all angles of incidence. This process is illustrated in Fig.
5 for three example signatures: at each angle of incidence,
ie., for i=1,2,3...18, the mean, X;, and a variance are com-
puted. In this example, the number of signatures (n) is equal
to 3, and the number of incident angles (M) is 18. The
‘‘average variance’’ is taken to be a measure of the spread
between the curves, and in the following sections is referred
to as ‘‘avg. variance’’. An average is appropriate as long as
the CD increment is small, and changes are comparable in
magnitude from one signature to the next. A larger value of
avg. variance indicates higher measurement sensitivity,
which is of value in a process metrology tool for nanometer-

. (1)

n—1

9
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FiG. 8. Variance between signatures as a function of angle of incidence for
0-order scatterometry measurements. TE conventional, of nominal 0.25 um
linewidth, 0.75 um pitch photoresist-on-Si gratings, ~6 nm linewidth incre-
ment between signatures, at {a) 633 nm. (b) 442 nm.

scale variations. Scatterometer signatures may exhibit con-
siderably more structure than is shown in the example. as
will be seen in the following sections.

IV. WAVELENGTH EFFECTS ON MEASUREMENT
SENSITIVITY

A. Large-pitch samples

Initial experiments using 633 and 442 nm incident wave-
lengths were performed on samples obtained from SEMA-
TECH. The samples consisted of developed photoresist pat-
terns of nominal 0.35 um lines, 0.80 um pitch. and nominal
0.25 um lines. 0.75 um pitch. Samples with similar grating
dimensions. along with conventional 633 nm scatterometer
measurements. are described in detail by Raymond er al’®

Our task with this same type of grating structure was to
determine whether the sensitivity of scatterometry was sig-
nificantly improved by using shorter laser wavelengths. Be-
cause the pitch of these sample gratings was relatively large
with respect to the operating wavelengths. both 0- and 1st-
order diffraction were characterized. A typical series of mea-
surements is shown in Figs. 6(a) and 6(b) and 7(a) and 7(b)
for 633 and 442 nm laser wavelengths. respectively. Step-
ping from test site to test site corresponds to a linewidth
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FIG. 9. Scatterometry measurements, TM conventional. of sub-0.1 um line-
width, 0.2 um pitch InP étched gratings. ~25 nm linewidth increment be-
tween /-J and K-L signatures. at {a) 633 nm, (b) 442 nm.

increment of nominally 6 nm. The following trends can be
observed from the signatures. When the pitch is large com-
pared to the incident wavelength, as in the current example,
the 1st order may show more sensitivity than the O order. For
example. where sensitivity appears low for 633 nm in the
0-order signature [Fig. 6(a)]. it is recovered in the 1st-order
signatures [Fig. 6(b)]. At 442 nm. there is sensitivity in the 0
order [Fig. 7(a)] as well as in Ist-order [Fig. 7(b)] signatures.
Also. it can be observed that at 442 nm there is more “’struc-
ture” to the signatures. which helps to differentiate between
CD increments. There is a noticeable spreading between the
signatures. and this occurs at different angular locations de-
pending upon diffraction order, wavelength, mounting con-
figuration. and laser polarization. Applying the avg. variance
sensitivity metric to the O-order data, the resuiting values are
7.95% 105 for 633 nm and 1.07X 10™* for 442 nm. indicat-
ing a 35% sensitivity improvement at 442 nm. The indi-
vidual variances used to compute the avg. variance are plot-
ted in Figs. 8(a) and 8(b) as a function of incidence angle. ©.
These variance plots are helpful in identifying regions of
maximum sensitivity as the angle of incidence is varied,
again depending upon the sample and measurement details.
For example. Fig. 8(a) shows a narrow region of higher sen-
sitivity near 16° angle of incidence. while sensitivity is low
at all other angles. At 442 nm. as shown in Fig. 8(b). two
broader regions of sensitivity are indicated. from 2° to 8° and
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Diffraction Efficiency
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FiG. 10. Scatterometry model results, TE conventional, for nominal 0.1 um
linewidth, 0.36 um pitch photoresist-on-ARC-on-Si gratings. 2 nm line-
width increment between signatures, at (a) 633 nm. (b) 442 nm, (c) 325 nm.

above 50°. These observations are consistent with the sub-
jective assessment of signature “‘spreading’’ as linewidth is
varied, as discussed in connection with Figs. 6(a) and 7(a).
Having developed and tested a sensitivity metric, it was de-
sired to investigate shorter-pitch grating samples with sub-
0.1 um linewidths.

B. Short-pitch samples

The samples of etched InP gratings previously mentioned
in connection with Figs. 3 and 4 were used for this investi-
gation. Although not representative of Si technology in terms
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FiG. 11. Scatterometry model results. TE conventional, for nominal 0.07 um
linewidth, 0.2 um pitch photoresisl-on-ARC-on-Si gratings, 2 nm linewidth
increment between signatures, at (a) 633 nm, (b) 442 nm, (c) 325 nm.

of material or dimensions, these were the only uniform, well-
characterized sub-0.1 um CD samples available. The nomi-
nal grating pitch was 0.2 um, with linewidths ranging from
25 to 55 nm, and depths of 100 to 200 nm. Because this pitch
is considerably smaller than the incident wavelength, the
grating only produces 0-order diffraction at 633 and 442 nm
wavelengths. Scatterometer ~signatures for the TM-
conventional mounting mode are shown in Figs. 9(a) and
9(b) for the two wavelengths. respectively. A computation
resolution of 2 nm was used. and the nominal CD increment
on the wafer was 25 nm in this case. The avg. variances for
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TasLe I. Summary of avg. variances for all configurations vs Ay . for 100
nm lines.

TasLe 1. Summary of avg. variances for all configurations vs A . for 70 nm
lines.

Ao Conventional Conic No Conventional Conic
(nm) TE ™ TE ™ (nm) TE ™ TE ™
633 43e-5 1.0e—-5 4.5¢—-5 9.8e—6 633 S.le—4 24e—-6 1.3e—4 3.5¢-5
442 3.0e-5 1.0e-5 4.4e-5 3.0e-5 442 l.le—-3 20e-5 7.7e-5 2.5e-5
325 7.0e—4 7.le—4 1.6e—3 2.7e—4 325 1.6e—3 6.9e—4 4.1e—4 2.0e—4

these signatures are 4.40X 1072 at 633 nm and 2.47X 107>
at 442 nm, showing no significant influence on the sensitivity
by using the shorter measurement wavelength. Note, how-
ever, that scatterometry, even at the 633 nm incident wave-
length, exhibits sufficient sensitivity to remain a useful tool
for detecting changes in linewidth in the 0.05 um CD region.

Overall sensitivity can be compared to those levels re-
ported above for large-pitch samples by dividing the large-
and short-pitch avg. variance metrics by the respective line-
width increments in each case, yielding a variance-per-nm
figure. At 633 nm wavelength, the result is 1.3
X 1073 nm~! for the large-pitch sample and 1.8
X 10™* nm™! for the short-pitch sample. At 442 nm, the re-
sult is 1.8X107° nm™! for the large-pitch sample and 9.9
x 1073 nm™! for the short-pitch sample. At both wave-
lengths. somewhat greater sensitivity per nm was observed
with the short-pitch sample. Such a result is surprising if one
considers that as the linewidth and pitch of the grating are
reduced below the incident wavelength, Ao, these features
have less and less effect and begin to approximate a surface
roughness on a scale <€\q. This result quite possibly is due
to the dissimilar materials and dimensions between the
photoresist-on-Si and the etched InP samples and suggests
that other factors. in addition to wavelength. also influence
sensitivity. Hence, we do not regard the differences in sen-
sitivity shown with these dissimilar samples to be notewor-
thy. Experimentally, we have observed that the structure. or
variation. within diffraction signatures tends to disappear as
the pitch and linewidth are reduced. Note the Fresnel-like
characteristics of the short-pitch InP samples in Fig. 9(a). as
compared to the less-predictably varying large-pitch signa-
tures in Fig. 6(a). In Fig. 10. one observes that the signatures
contain more structure as the incident wavelength is reduced.

C. Modeling of sub-0.1 um photoresist-on-silicon
gratings

To assess the measurement sensitivity for a short-pitch
photoresist structure with dimensions consistent with Tech-

-nology Roadmap projections. the diffraction of nominal 70

and 100 nm linewidth photoresist grating structures on Si
was investigated using computer modeling: well-
characterized samples were not available for actual measure-
ments. The grating pitches were fixed at 0.20 and 0.36 um.
respectively. Resist height was 0.5 um. and an anti-reflection
layer (ARC) of 75 nm was included between the resist and
the Si substrate. Diffraction from these structures was evalu-
ated at laser wavelengths of 633, 442, and 325 nm. and the
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refractive indices for resist, ARC and Si, were set corre-
sponding to each wavelength. Five linewidth steps in incre-
ments of 2 nm were modeled at each wavelength: nominal
linewidth, nominal *2 nm, and nominal *4 nm.

A representative set of signatures, in this case for the
TE-conventional measurement configuration, are shown in
Figs. 10(a)-10(c) and 11(a)—11(c) for the nominal 100 and
70 nm linewidths, respectively. Tables I and II summarize
the sensitivity metric data for the 100 and 70 nm cases, re-
spectively, for the four combinations of TE/TM input polar-
ization and conventional/conical grating mounting.

These avg. variance data are plotted in Figs. 12(a) and
12(b). Qualitatively, it can be observed in Figs. 10 and 11
that the spreading between signatures increases for decreas-
ing incident wavelength. The metric plots of Fig. 12 indicate,
however, that the benefit in sensitivity is not pronounced
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FiG. 12. Avg. variance as a function of wavelength from scatterometry
mode! results. for nominal 0.07 and 0.1 um linewidths, photoresist-on-
ARC-on-Si gratings, for (a) TE and TM conventional. (b) TE and TM conic.
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until the wavelength is reduced to 325 nm. An exception to
this trend is observed for the TE-conventional case for nomi-
nal 70 nm linewidths. as shown in Fig. 12(a). The increase in
sensitivity for this particular configuration may be related to
the pitch of the grating and is an area requiring further in-
vestigation. The implication is that there may be ways of
increasing the scatterometry measurement sensitivity by
careful selection of test grating dimensions. Prefabrication
modeling would allow an optimum test structure to be de-
signed.

V. CONCLUSIONS

In response to the need to assess measurement sensitivity,
an avg. variance metric was developed. This metric was then
used to compare scatterometer measurement sensitivity at
multiple wavelengths. to determine angular regions of sensi-
tivity. and to gain insight into the influence of other param-
eters on measurement sensitivity.

When the pitch of the sample is large compared to the
incident wavelength, the Ist order may be useful, i.e.. where
sensitivity is low for the 0-order signature, it possibly may be
recovered in the 1st order. At 442 nm there was still signifi-
cant sensitivity at 0 order and at Ist order, and there was
more structure to the signatures. which helps to differentiate
between CD increments. For shorter-pitch structures for
which only a 0-order diffraction signature is possible, struc-
ture in the signature is reduced, but the signature still exhib-
its sensitivity to linewidth variations when using the 633 nm
incident wavelength. )

From these data. it can be concluded that the strategy of
reducing the scatterometer operating wavelength may in-
crease sensitivity significantly, particularly at the 325 nm
wavelength. However, such an improvement is quite depen-
dent on the sample materials involved and the grating test
structure. For photoresist grating structures on Si, it appears
that scatterometry measurement sensitivity can be positively
influenced by judicious selection of test structure dimen-
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sions. We are presently investigating additional techniques
for increasing measurement sensitivity for sub-0.1 pm struc-
tures while maintaining use of the convenient 633 nm laser
wavelength.
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Ellipsometric scatterometry for
the metrology of sub-0.1-pm-linewidth structures

Babar K. Minhas, Stephen A. Coulombe, S. Sohail H. Naqvi, and John R. McNeil

We describe a modification to our existing scatterometry technique for extracting the relative phase and
amplitude of the electric field diffracted from a grating. This modification represents a novel combina-
tion of aspects of ellipsometry and scatterometry to provide improved sensitivity to small variations in the
linewidth of subwavelength gratings compared with conventional scatterometer measurements. We
present preliminary theoretical and experimental results that illustrate the possibility of the ellipsomet-
ric scatterometry technique providing a metrology tool for characterizing sub-0.1-um-linewidth. © 1998

Optical Society of America

OCIS codes: 050.1950, 050.1960, 050.2770, 120.2130, 120.3940, 120.5820.

1. Introduction

Scatterometry,! defined as the angle-resolved char-
acterization and analysis of light, is an attractive
metrology technique for determining grating profiles.
Previous research has demonstrated the use of scat-
terometry for characterizing 0.2~0.4-pm grating
lines with a 0.75-pm pitch.2 These lines were
characterized within a computational resolution of
*10nm. However, devices having linewidths of the
order of 0.12 pm are expected in the near future, and
metrology techniques will be required for detecting
changes assmallas ~1nm.? The measurement sen-
sitivity of conventional scatterometry techniques, uti-
lizing a 633-nm-wavelength light to illuminate the
sample, decreases for samples having linewidths of
=<0.1 pm and pitches of <0.3 um. To illustrate this
concern, consider the case of a 0.2-um-pitch InP grat-
ing with a grating height of 0.1 um. Figure 1 shows
the theoretical diffraction signature of the grating for
linewidths of 96, 98, and 100 nm. As can be seen
from the figure, the changes in the diffraction effi-
ciencies are barely noticeable, making the technique
incapable of characterizing linewidth variations of
2nmin this case. To enhance diffraction sensitivity,
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we have exploited the grating geometry by using it in
a conical configuration.# Although this improves
the diffraction sensitivity to linewidth variations, the
improvement is not sufficient to ensure the unique-
ness of the diffraction signature. Another approach
to improving the resolution of the scatterometer
method is to use shorter illuminating wavelengths.
To this end we have explored the use of a HeCd laser
(A = 442 nm) for characterizing sub-0.1-pm linewidth
structures. Our experimental and theoretical stud-
ies show that significant improvement in sensitivity
is not achieved until the wavelength of the illuminat-
ing beam is in the ultraviolet spectrum.? Using ul-
traviolet light for scatterometry currently is not as
practical as using visible wavelengths because of the
added complexity of the experimental arrangement.

Our goal therefore has been to extract more infor-
mation from the diffracted light by using a conve-
nient illuminating wavelength, such as from a He-Ne
laser. This is accomplished by incorporating fea-
tures of ellipsometry with scatterometry to extract
phase information. This modified scatterometry
technique continues to employ the matching of exper-
imental scatter signatures with theoretical signa-
tures produced with computational techniques. In
this note we describe the modifications that we have
made in our existing scatterometer to this end.
These changes show the promise of characterizing
linewidth variations as small as ~1 nm.

2. Experimental Arrangement

Using the notation of Ref. 6, let (E;,, E;) and (E,_,,
E,,) represent the complex electric-field vectors of the

F9 g




incident and the reflected fields, respectively. The
ellipsometric parameter p is then defined as

p= (Erp/Eip)/(Ers/Eis) = tan ¥ exp(lA) (1)

Our experimental approach is to extract these el-
lipsometric parameters ¥ and A from intensity mea-
surements, and for the purpose of this investigation
we are not extracting the sign of A. This approach
was used previously by Beattie” for studying optical
constants of metals in the IR spectrum. Figure 2
shows the ellipsometric scatterometer. A TE-
polarized He-Ne laser is used as the source of illu-
mination. The incident beam passes through the
polarizer, which has its transmission axis at angle P
with respect to the horizontal plane, and illuminates
the grating. The grating can be rotated about the
vertical axis to provide 6 variations and about the

passed through an analyzer having a transmission
axis at angle A with respect to the horizontal plane
and then to the photodetector.

Currently we are mounting the grating with the
grating lines either parallel (¢ = 0°) or normal (¢ =
90°) to the vertical axis. We keep the polarizer angle
P fixed, and for a given value of the analyzer angle A
we vary 0 in steps of 1 deg to characterize the 0-order
diffraction. We show in Section 3 that for any value
of 8, taking data for A = 0°, 45°, and 90° is sufficient
to extract ¥ and |A| of the diffracted field.

3. Analysis

We use Jones calculus to analyze the change in po-
larization of the incident beam as it propagates
through the optical system. The Jones matrices for
the configuration illustrated in Fig. 2 are given by

E.| [ cos’A cosAsinA][R, R,|[ cos’P  cosPsinP |0
E, cosAsinA  sin’A  [|R,, R,||cosPsinP  sin*P 1
[A] X [R] X Pl (2)
normal to the sample plane to provide ¢ variations. 90 . , o . , .
Since we are primarily characterizing gratings hav- 80 b
ing periods that are much smaller than the illumi- .
nating wavelength, the only propagating order in air 3
is the 0 order. The beam diffracted in the O order is 60 L
3 50 ¢
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06 —— . : , 30 £
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Fig. 1. Lack of diffraction sensitivity to linewidth variations for
conventional scatterometer simulations for a 0.2-pm-pitch InP —100 L
grating with a binary profile: grating height, 0.1 pm; illuminat- g
ing beam, TE-polarized He-Ne laser (A = 633 nm).
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Fig. 2. Ellipsometric scatterometer arrangement.
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Fig. 3. Comparison of experiment versus theory for a 1.0-pm
developed photoresist grating (n = 1.576, & = 0.001) on a Si
substrate. The grating has a binary profile with a linewidth of
0.53 wm and height of 1.0 pm. The incident beam is linearly
polarized with P = 45° and is from a He-Ne laser (\ = 633 nm).
The grating is mounted in classical configuration, i.e., ¢ = 0°: (a)
¥ versus incidence angle 6; {b) |A| versus incidence angle 6.
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‘Here [P] and [A] are matrices that characterize the
polarizer and the analyzer, respectively.? The [R]
matrix characterizes the grating and its nonzero, off-
diagonal elements show that polarization conversion
of the incident beam takes place as part of diffraction
from the grating. The (complex) elements R, and
R,, are always zero for & = 0° and ¢ = 90° no
polarization conversion takes place.

Evaluating Eq. (2) for the cases of & = 0° and
¢ = 90°, we express the intensity of the 0-order dif-
fracted beam I(A, P, 0) as

I(A, P, 8) = (cos P sin P|R,,|cos A)*
+ (sin? P|R,,|sin A)®
+ cos P sin® PR, |Ry./cos(A)sin2A.  (3)

When we evaluate Eq. (3) for P = 45° and A = 0°, 45°,
90°, 135°, I(A, P, 6) becomes

I(0°, 45°, 0) = |R,,|*/4, 4)
1(45°, 45°, 0) = 1/4[(|Rpp|2 + R %/2
+ |R,,Rslcos(4)], (5)
1(90°, 45°, 6) = |R,,*/4, (6)
as T T
so [T meian e o A7
s Bl linewidth = 100 nm .'::;:" E
» b 3
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Fig. 4. Numerical modeling results from using rigorous coupled-
wave analysis showing diffraction sensitivity to 2-nm-linewidth
variations for a 0.2-um-pitch InP grating. The grating is as-
sumed to have a binary profile with a height of 0.1 um. The
illuminating beam is linearly polarized with P = 45° and A = 633
nm. The grating is mounted in a classical configuration, i.e., ¢ =
0°: (a) ¥ versus incidence angle 8; (b) A versus incidence angle 6.
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I(135°, 45°, 0) = 1/4[(R,,[* + R.[")/2
= [RyplRslcos(A)]. (N

Although the first three expressions are sufficient to
determine ¥ and |A|, we also use the fourth to im-
prove experimental accuracy.

4. Comparison of Theory and Experiment

We used a rigorous coupled wave analysis,® an im-
portant part of the scatterometry technique, to cal-
culate the elements of the [R] matrix and measured
the developed photoresist gratings to verify the the-
oretical analysis described in Section 3. Figure 3
shows experimental and theoretical results for a de-
veloped photoresist grating having a pitch of 1.0 pm
and a linewidth of 0.53 pum. Raymond et al.1° have
previously characterized this grating by extensively
using conventional scatterometry and SEM measure-
ments. As may be seen from Fig. 3, the theoretical
and the experimental data are in good agreement.
Owing to the unavailability of suitable sub-0.1-pm
structures, we were not able to demonstrate experi-
mentally the sensitivity of the ellipsometric scat-
terometry technique. However, we carried out
theoretical simulations to verify the diffraction sen-
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Fig. 5. Numerical modeling results from using rigorous coupled-
wave analysis showing diffraction sensitivity to 2-nm-linewidth
variations for a 0.2-um-pitch developed photoresist grating
(n = 1.576) on a Si substrate. The grating is assumed to have a
binary profile with a height of 0.7 pm. The illuminating beam is
linearly polarized with P = 45° and A = 633 nm. The grating is
mounted in a conical configuration with ¢ = 90°: (a) ¥ versus
incidence angle 6; (b) A versus incidence angle 6.




sitivity of the technique. These simulations were
based on rigorous coupled wave analysis® and the
ellipsometric parameters ¥ and A as defined above in
Eq.(1). Figure 4 shows the ¥ and A variation versus
angle of incidence 6 for the 0.2-wm-pitch InP grating
discussed in connection with Fig. 1. As expected,
parameters ¥ and A, determined through modified
scatterometry, are significantly more sensitive to the
2-nm-linewidth variations than the conventional
scatterometer measurements illustrated in Fig. 1.
The measurements can resolve 2-nm variations in a
sample linewidth. Similarly, Fig. 5 shows ¥ and A
variations versus angle of incidence 6 for 0.2-pm-
pitch developed photoresist gratings on Si. These
simulations were also performed to characterize line-
width variations of 2 nm. Again we note that
changes in the diffracted light parameters, ¥ and 4,
are sufficient to detect 2-nm variations in linewidths.

5. Conclusion

We have demonstrated the feasibility of ellipsometric
scatterometry for the metrology of sub-0.1-pm line-
width structures. This technique, compared with
conventional scatterometry, exploits additional
phase information of the diffracted light, which is
sensitive to grating linewidth variations. The tech-
nique permits an accurate characterization of sub-
0.1-pm linewidths with ~1-nm precision.

The authors thank DARPA (Defense Advanced Re-
search Projects Agency) and the Semiconductor Re-
search Corporation for partial financial support of

this research and Lucent Technologies for providing
0.2-p.m-pitch samples.
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